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Adenovirus type 5 encodes two highly structured short RNAs, the virus-associated (VA) RNAI and RNAII.
Both are processed by Dicer into small RNAs that are incorporated into the RNA-induced silencing complex
(RISC). We show here, by cloning of small RNAs, that approximately 80% of Ago2-containing RISC immu-
nopurified from late-infected cells is associated with VA RNA-derived small RNAs (mivaRNAs). Most surpris-
ingly, VA RNAII, which is expressed at 20-fold lower levels compared to that of VA RNAI, appears to be the
preferred substrate for Dicer and accounts for approximately 60% of all small RNAs in RISC. The mivaRNAs
are derived from the 3� strand of the terminal stems of the VA RNAs, with the major fraction of VA RNAII
starting at position 138. The small RNAs derived from VA RNAI were more heterogeneous in size, with the two
predominant small RNAs starting at positions 137 and 138. Collectively, our results suggest that the mivaRNAs
are efficiently used for RISC assembly in late-infected cells. Potentially, they function as miRNAs, regulating
translation of cellular mRNAs. In support of this hypothesis, we detected a fraction of the VA RNAII-derived
mivaRNAs on polyribosomes.

Small noncoding RNAs of approximately 21 to 23 nucleo-
tides in length regulate a variety of cellular processes, including
mRNA degradation, translation, and transcription (for reviews
see references 2, 6 and 39). One class of small RNAs, called
microRNAs (miRNAs), are processed in the nucleus by an
enzyme called Drosha into a hairpin RNA that is transported
to the cytoplasm and further processed by Dicer into a short
miRNA duplex intermediate. The miRNA strand of the duplex
is then incorporated into the RNA-induced silencing complex
(RISC) that will bind to a target mRNA. If the complementa-
rity between the mRNA and the miRNA is partial, the assem-
bled RISC can induce translational repression. In a related
reaction where the complementarity between the small RNA
and the mRNA is extensive, RISC will cause a cut in the
mRNA strand that will result in its degradation.

The significance of cellular miRNAs as regulators of pro-
cesses like cell growth and development is rapidly becoming a
well-established field of research (for reviews see references 9
and 36). Recently, it has also become increasingly clear that
several vertebrate viruses encode their own small RNAs that
may function as miRNAs or small interfering RNAs (siRNAs).
Several of these small RNAs have been shown to play key
functions both in the infectious and the latent phase of virus
infections (reviewed in references 11 and 34). For example, an
miRNA encoded by herpes simplex virus type 1 downregulates

genes activating apoptosis, thereby providing a maintenance
function for the latent stage of a herpesvirus infection (14).
Also, simian virus 40 (SV40) produces an siRNA at late times
of infection that targets the mRNAs from the viral early tran-
scription unit, and this, as a consequence, causes a reduction in
T antigen expression, a mechanism that appears to reduce the
efficiency of clearance of SV40-infected cells by cytotoxic T
lymphocytes (37). Most remarkably, hepatitis C virus, which
does not encode its own miRNA, uses a cellular miRNA, the
liver-specific miR-122, to enhance virus replication (16).

In our work, we have focused on human adenovirus type
5 (Ad5), which encodes two 160-nucleotide-long noncoding
RNA polymerase III transcripts, the virus-associated (VA)
RNAs I and II (reviewed in reference 24). The VA RNAs are
highly structured (22), with imperfect stem-loop structures that
resemble precursor RNAs used for the production of miRNAs.
VA RNAI has a well-characterized function as an RNA that
ensures that protein synthesis is sustained at a high level in
virus-infected cells by blocking activation of the interferon-
induced double-stranded RNA (dsRNA)-binding enzyme
PKR (reviewed in reference 13). Several recent studies have
also suggested that the VA RNAs are processed to small
RNAs that may play an important role in subverting the RNA
interference machinery during a lytic infection (3, 4, 33). Both
VA RNAI and VA RNAII are processed by Dicer into small
RNAs that are incorporated into RISC (3, 33). They can func-
tion as siRNAs or miRNAs, depending on the complementa-
rity to the reporter mRNA (33). The VA RNAs accumulate to
enormous quantities in late-infected cells (�108 copies per
cell) (24) and have been shown to function as competitive
substrates squelching Dicer (3). Furthermore, VA RNAI has
been suggested to block the nucleus-to-cytoplasm export of
pre-miRNAs by competing for binding to the nuclear export
receptor exportin-5 (21).
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In addition to the effect of the VA RNAs on Dicer, we have
also noted that RISC cleavage of an exogenous target RNA is
drastically suppressed in late-infected cells (3). Here we have
addressed how adenovirus suppresses the activity of the RISC.
Our results suggest that the VA RNAs saturate RISC with VA
RNA-specific small RNAs. Thus, we find that approximately
80% of all small RNAs in RISC isolated from late-infected
cells are derived from the VA RNAs. Most surprisingly, VA
RNAII, which is expressed at about 5% of the level of VA
RNAI, accounts for around 60% of all small RNAs in Ago2-
containing RISC. The function of these VA RNA-derived
small RNAs is currently not known. However, we note that a
fraction of the VA RNAII-derived small RNAs are associated
with polyribosomes, arguing that they may regulate gene ex-
pression by functioning as miRNAs.

MATERIALS AND METHODS

Cell culture and transfection. 293 and 293-Ago2 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% newborn calf
serum (NCS), 100 U/ml PEST at 37°C in 5% CO2. All cell culture reagents were
purchased from Gibco/BRL. DNA was transfected using the calcium phosphate
coprecipitation technique (5), whereas RNA was transfected with Lipofectamine
2000 (Invitrogen), using the protocol supplied by the manufacturer. Plasmid
DNA was prepared by using a Maxiprep kit (QIAGEN), whereas dsRNA was
purchased from Dharmacon.

Establishment of the 293-Ago2 cell line. 293 cells grown on 6-cm culture plates
were transfected with plasmid pIRESneo-FLAG/HA Ago2 (25). Selection for
stably transfected cells was initiated 48 h posttransfection by the addition of
G418 (400 �g/ml). After 3 weeks, when all 293 cells in an untransfected control
plate were dead, the single colonies of 293-Ago2 cells were isolated and trans-
ferred to a 24-well plate for further passage. A collection of 20 clones was picked
and assayed for Ago2 expression by Western blotting using the FLAG M2
antibody. One clone showing a high (approximately sevenfold overexpression)
and stable Ago2 protein expression was selected and used for subsequent exper-
iments.

Virus infection. Cells were infected with wt900 (38) at a multiplicity of 100
fluorescence-forming units (FFU) per cell (if not otherwise stated) in DMEM
containing 2% NCS. After 45 min, the medium was replaced with fresh medium
containing 10% NCS. The uninfected control cells were treated identically except
that virus was omitted. Twenty-four hours later, the cells were harvested as
described below.

Immunopurification of RISC. Cytoplasmic cell extracts were prepared by the
treatment of cells on ice for 20 min with IsoB-NP-40 (10 mM Tris-HCl [pH 7.9],
150 mM NaCl, 1.5 mM MgCl2, 1% NP-40) followed by a centrifugation at 16,000 �
g for 10 min at 4°C. The supernatant from one 15-cm culture plate was
incubated with 4 �l of anti-FLAG M2 agarose beads (Sigma) with constant
rotation overnight at 4°C. The beads were washed three times in NET-1 buffer
(50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 2.5% Tween 20). Complexes were
eluted with NET-1 supplemented with 1% 2-mercaptoethanol and 150 ng/�l 3�
FLAG peptide (Sigma) with constant rotation for 4 h at 4°C. Supernatants
recovered after centrifugation were used for RNA extraction or Western blotting
analysis.

Western blotting analysis. Protein extracts were separated by 8% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and processed as described
previously (27). Primary antibody anti-FLAG M2 (Sigma) was used at a concen-
tration of 10 �g/ml, and anti-Ago2 (8C7) was used at a 1:500 dilution.

Cloning of small RNA. Seven 15-cm culture plates of 293-Ago2 cells were
infected with wt900. Twenty-four hours postinfection, cells were lysed by IsoB-
NP-40 treatment, and the Ago2 protein-containing complexes were purified by
immunoprecipitation (see description above). RNA was purified by proteinase K
treatment, followed by phenol-chloroform extraction and ethanol precipitation.
The purification of small RNAs and the cloning strategy were performed as
described previously (5, 31).

Sequencing and sequence analysis. Clones containing small RNA inserts were
sequenced using an ABI Prism 3700 machine, and the small RNAs were ex-
tracted with PERL script. Sequences were filtered to remove RNAs shorter than
17 nucleotides and then compared, using WU-BLASTN, to the Ad5 genome
(GenBank accession number AC_000008), the human subset of miRBase (ftp:
//ftp.sanger.ac.uk/pub/mirbase/sequences/8.0/mature.fa Feb8-06 release), the hu-

man mRNAs (ftp://ftp.wip.ncbi.nlm.nih.gov/genomes/H_sapiens/RNA/rna.fa.gz
Mar3-06 release), and the human tRNAs (http://lowelab.ucsc.edu/GtRNAdb
/Hsapi/Hg17-tRNAs.fa). The small RNAs were annotated based on the best
score or were classified as unknown if no significant match was found. The
coordinates of the high-scoring segment pairs were extracted and used to deter-
mine which parts of the adenovirus genome and known miRNAs had been
cloned.

Cytoplasmic S15 extract preparation. Cytoplasmic extracts were prepared as
previously described (3). Briefly, cells were disrupted by 20 to 30 strokes with a
23-gauge syringe needle. The nuclei were pelleted, and the supernatant was
centrifuged at 15,000 � g for 60 min, supplemented with 5% glycerol, frozen in
liquid nitrogen, and stored at �80°C. The protein concentration was typically 6
to 8 �g/�l.

RISC assay. A synthetic 21-base pair siRNA directed against the p99 mRNA
(3) was transfected into four 10-cm plates of 293-Ago2 cells (40 nM). Six hours
posttransfection, cells were infected with wt900 (at 100 FFU/cell). Twenty-four
hours postinfection, S15 cytoplasmic extracts were prepared, and the RISC was
isolated by affinity purification (as described above). The beads were resus-
pended in 50 �l of hypotonic buffer with 5% glycerol. Each 10-�l RISC assay
contained 5 �l of S15 cytoplasmic extract or 5 �l of beads and the 32P-labeled p99
reporter mRNA under the assay conditions described previously (3). Reaction
mixtures were incubated for 2 h at 30°C, and RNA was isolated and separated on
a denaturing 8% polyacrylamide gel.

Northern blotting analysis. Small RNAs were separated on a denaturing 15%
polyacrylamide gel, transferred to a Hybond NX membrane (Amersham), chem-
ically cross-linked, and hybridized as described previously (29). Hybridization
probes were generated by 5� end labeling one strand of an siRNA or by random
priming of longer DNA fragments (5).

Polyribosome analysis. Polyribosomes were prepared and fractionated as pre-
viously described (32). To disrupt actively translating ribosomes, cells were
placed in fresh medium containing 200 �M puromycin (Sigma) 20 min before
harvest. Briefly, cells were lysed in a buffer containing 5 mM Tris-HCl (pH 7.5),
1.5 mM KCl, 2.5 mM MgCl2, 0.5% deoxycholate, 0.5% Triton X-100, 100 �g/ml
cycloheximide, 200 �g/ml yeast tRNA, and 120 U/�l RNasin, and the superna-
tant was separated on a 10 to 50% sucrose gradient in a model SW40 rotor. To
disrupt polysomes and other metal-stabilized complexes, a lysis buffer containing
30 mM EDTA and a reduced concentration of MgCl2 (0.2 mM) was used. Ten
fractions were collected, RNA was extracted, and VA RNA-derived small RNAs
(miva)RII-138 and �-actin mRNA were visualized by Northern blotting.

RESULTS

Incorporation of small RNAs into RISC is suppressed in
late-adenovirus-infected cells. The observation that RISC ac-
tivity directed toward a target RNA is suppressed in late-
infected cells (3) could be explained by several mechanisms.
An attractive model is that large amounts of VA RNA-specific
small RNAs are produced during infection and outcompete
other small RNAs, thereby saturating RISC with VA RNA-
derived small RNAs. In such a model, RISC would still be
active but potentially redirected toward VA RNA-specific se-
quences (3). To test this hypothesis, we established a 293 cell
line stably expressing an amino-terminal FLAG/HA-tagged
Ago2 protein (25). The 293-Ago2 cell line was transfected with
a synthetic siRNA directed toward a reporter mRNA (3) and
infected with adenovirus 6 hours posttransfection. Following a
24-h incubation, the cells were harvested, and cytoplasmic S15
extracts were prepared. Ago2-containing complexes were cap-
tured with an anti-FLAG M2 agarose resin. RISC activity was
assayed by cleavage of a 32P-labeled capped target mRNA. As
shown in Fig. 1A, the mRNA cleavage activity of the immu-
nopurified RISC was significantly reduced in virus-infected
cells (Fig. 1A, compare lanes 3 and 4), a result that agrees with
our previous findings, which were produced from cytoplasmic
S15 extracts (3). Furthermore, the reduction in RISC activity
(Fig. 1A) was accompanied by a similar decrease in siRNA
content in RISC (Fig. 1B, lanes 3 and 4). To demonstrate that

VOL. 81, 2007 HIJACKING OF RISC BY ADENOVIRUS VA RNAII 10541



the reduced activity and siRNA content in purified RISC were
not due to a less efficient purification of Ago2 RNPs from
infected cells, we probed Western blots with the Ago2 antibody
8C7 (Fig. 1C, lanes 3 and 4). Taken together, the results show
that the suppression of RISC activity in late-adenovirus-in-
fected cells toward an exogenous target RNA results from a
reduced efficiency of siRNA assembly into functional RISC.

To determine whether the incorporation of a cellular
miRNA into Ago2-containing complexes was similarly sup-
pressed in late-infected cells, we analyzed the content of
miR-16 in purified RISC. For this experiment, 293-Ago2 cells
were infected with adenovirus, and cells were harvested 24 h
postinfection. Small RNAs were prepared from total cytoplas-
mic extracts and compared to the small RNA content in puri-
fied Ago2-containing RNPs. As shown in Fig. 2A, an adenovi-
rus infection did not have any adverse effects on total miR-16
accumulation (Fig. 2A, lanes 3 and 4). In contrast, the miR-16
content in purified RISC was significantly reduced in virus-
infected cells compared to that in uninfected control cells (Fig.
2A, lanes 1 and 2). Probing Western blots with the 8C7 Ago2
antibody demonstrated that the analyzed fractions of total
cytoplasmic extracts and purified RISC contained equal
amounts of Ago2 protein (Fig. 2B), demonstrating that the

reduced miR-16 content in purified RISC was not due to a
selective loss of Ago2 RNPs in late-infected cells. Taken to-
gether, these results show that an adenovirus infection also
results in a reduced efficiency of miRNA assembly into RISC
at late times of infection.

Both VA RNAI- and VA RNAII-derived small RNAs are
stably associated with RISC. To determine whether the pre-
viously observed small RNAs derived from the VA RNAs (3, 4,
33) were stably associated with RISC, we affinity purified
Ago2-containing complexes from infected 293-Ago2 cells and
assayed RISC activity against reporter RNAs containing se-
quences complementary to the 5� or 3� halves of VA RNAI or
VA RNAII, respectively. In agreement with our previous re-
sults, using cytoplasmic S15 extracts (3), the size of the cleav-
age products suggests that Dicer cleaves only the terminal stem
of VA RNAI (Fig. 3B) and VA RNAII (Fig. 3C). Further-
more, the size of the cleavage product suggests that all VA
RNAI- and nearly all VA RNAII-derived small RNAs incor-
porated into RISC are derived from the 3� strand of the re-
spective terminal stem. The same asymmetry in RISC assembly
for VA RNAI has previously been observed by others (4, 33).

Cloning of RISC-associated small RNAs from adenovirus-
infected cells. To directly test whether RISC becomes satu-
rated with VA RNA-specific small RNAs in vivo, we cloned
and sequenced approximately 1,200 small RNAs from the 17-
to 26-nucleotide-long RNA population from uninfected and
adenovirus-infected 293-Ago2 cells. To determine whether the
incorporation of VA RNA-derived small RNAs into RISC was
unbiased with respect to the total small RNA pool, we cloned
both the total cytoplasmic small RNA pool and the small
RNAs stably associated with immunopurified Ago2-containing
RISC. Each small RNA was assigned to an annotation class
based on the BLASTN query (Fig. 4). The average length of
the cloned small RNAs was 20.0 nucleotides, and by comparing
the sequences to annotated, known miRNAs, we could con-
clude that the 5� end was generally intact (86%), whereas the
3� end was frequently degraded by a few nucleotides (62%).
On average, 1.5 nucleotides at the 3� end were missing in our
samples. The seed sequence (20), however, was intact in 95%
of the samples.

FIG. 1. Incorporation of exogenously added siRNA into RISC is
suppressed in late-adenovirus-infected cells. 293-Ago2 cells were
transfected with a synthetic siRNA. Six hours later, the cells were
infected with wt900. S15 cytoplasmic extracts were prepared 24 h
postinfection, and Ago2 containing RISC was isolated by FLAG af-
finity purification. (A) RISC activity was assayed by incubating the
immunopurified Ago2 RNP complexes with a uniformly labeled target
mRNA. The siRNA guides RISC to cleave this target mRNA, pro-
ducing a 252-nucleotide 5� cleavage product and a 232-nucleotide 3�
cleavage product. Lane M, DNA molecular size marker. (B) Total
RNA was isolated from the same volume of immunopurified RISC and
analyzed by Northern blotting and probed with a 5� end-labeled sense
strand siRNA. Lane C, the siRNA antisense strand was loaded as a
size marker. (C) The same volume of immunopurified RISC was an-
alyzed by Western blotting and probed with Ago2 antibody 8C7.

FIG. 2. Reduced efficiency of RISC assembly of miR-16 in adeno-
virus-infected cells. 293-Ago2 cells were infected with wt900, and S15
extracts were prepared 24 h postinfection. Ago2-containing RISC was
isolated by FLAG affinity purification. (A) RNA was isolated from
equal fractions of total extracts and immunopurified RISC and was
analyzed by Northern blotting probed by a 5� end-labeled oligonucle-
otide hybridizing to miR-16. (B) Equal fractions of total extracts or
immunopurified RISC was analyzed by Western blotting and probed
with Ago2 antibody 8C7.
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Small RNAs derived from VA RNAII are preferentially as-
sembled into RISC in adenovirus-infected cells. In striking
contrast to what we had expected, VA RNAII appears to be
the major source for virus-derived small RNAs incorporated
into RISC. We cloned approximately twice the amount of
small RNAs derived from VA RNAII as that derived from VA
RNAI from the total pool of small RNAs in infected cells (Fig.
4B). Since VA RNAII accounts for only 5% of the total VA
RNA pool of infected cells (see below), this result suggests that
VA RNAII is preferentially processed by Dicer. This dispro-
portionate overrepresentation of VA RNAII was even more

pronounced in the immunopurified RISC, where VA RNAII-
derived sequences accounted for approximately 60% of the
total small RNA population (Fig. 4D). In total, the VA RNAs
accounted for approximately 80% of all small RNAs in immu-
nopurified RISC. The selective loading of VA RNA sequences
into RISC consequently occurs at the expense of other small
RNAs, including cellular miRNAs. Thus, in uninfected cells,
known miRNAs account for approximately 55% of the cloned
small RNAs from immunopurified RISC (Fig. 4C). In adeno-
virus-infected cells, this figure has been reduced to approxi-
mately 10% (Fig. 4D).

Characterization of the VA RNA-derived small RNAs. An
analysis of the cDNA clones revealed that essentially all VA
RNAI- and VA RNAII-derived small RNAs originated from
the terminal stem. A tiny fraction (0.5%) of the cloned small
RNAs originated from the 5� strand of the apical stem of VA
RNAI. However, these small RNAs were not detected in the
population cloned from immunopurified RISC (Fig. 5A). Fur-
thermore, both VA RNAI and VA RNAII showed a strand
bias, in which the 3� strand of the terminal stem was selectively
incorporated into RISC. For VA RNAII, a small fraction
(2.5%) of the small RNAs was derived from the 5� strand (Fig.
5B). The small RNAs show a certain heterogeneity, both in
terms of the starting nucleotide and at the 3� terminus. As
discussed above, the variation at the 3� end could, in many
cases, result from a shortening of the small RNAs during the
cloning process. However, the majority of the differences in the
5� nucleotide most likely represent a slight variation in Dicer
cleavage. Since such a variation may produce small RNAs with
different biological functions, we have named them accordingly
dependent on the start nucleotide in the RNA. For example,
the major small RNA from VA RNAII starts at nucleotide 138
and therefore is named mivaRII-138 (Fig. 5B). Similarly, the
two major small RNAs from VA RNAI are named as mivaRI-
137 and mivaRI-138 (Fig. 5A).

VA RNA expression in 293-Ago2 cells. The majority of the
mivaRNAs comes from the 3� half of the terminal stem of VA
RNAII, both in the total cytoplasmic pool of small RNAs and
in the immunopurified RISC (Fig. 4). This result was com-
pletely unexpected, since VA RNAI has been shown to be the
major VA RNA expressed during a lytic adenovirus infection
(8). To verify that the VA RNAs were expressed at the ex-
pected ratio in the 293-Ago2 cell line, under our experimental
conditions, we quantitated VA RNA expression by Northern
blotting. Although VA RNAI and VA RNAII are identical in
length, VA RNAII appears to have a more compact structure
and migrates significantly faster than VA RNAI on a denatur-
ing polyacrylamide gel (Fig. 6A, lanes 2 and 3 and 5 and 6).
This difference in migration rate made it possible to simulta-
neously visualize both RNAs using a 32P-labeled probed span-
ning the whole VA RNA region (Fig. 6A, lanes 8 and 9). The
result confirms the previous conclusions that VA RNAI is the
major VA RNA expressed late in infection. At a multiplicity of
infection of 10 FFU/cell, VA RNAII accounts for approxi-
mately 10% of the total pool of VA RNAs. In contrast, VA
RNAII levels are reduced to only about 5% at the higher
multiplicity (100 FFU/cell). This finding is in agreement with
previous results showing that the VA RNAII promoter is much
weaker than the VA RNAI promoter and loses activity under
limiting conditions (8). It should be noted that all our experi-

FIG. 3. VA RNA-derived small RNAs are stably associated with
RISC. A schematic diagram of RISC substrate RNAs is shown in panel
A. The VA RNA genes were separated near the apical loop into two
halves and cloned into a reporter mRNA, generating target regions
complementary to the 5� and 3� halves of both VA RNAs (see refer-
ence 3). Immunopurified RISC from uninfected 293-Ago2 cells
(Mock) or cells infected with wt900 was assayed for RISC activity
against the synthetic reverse VA transcripts with target regions com-
plementary to the 5� or 3� half of VA RNAI (B) or VA RNAII (C).
Arrows indicate the span of the VA RNA target regions in respective
transcript. The positions of 5� and 3� cleavage products generated by
Dicer cleavage at the terminal stem in VA RNAI and VA RNAII are
indicated by a dot. Bands labeled with � indicate the 3� end cleavage
product of the substrate RNA, which usually is degraded in S15 cyto-
plasmic extracts but is often seen in reactions using immunopurified
RISC.
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ments were done using a multiplicity of infection of 100 FFU/
cell.

The cloning of small RNAs from RISC is not biased toward
VA RNAII. The overrepresentation of VA RNAII in the small
RNA cDNA library could hypothetically also result from a
cloning artifact, where the VA RNAII small RNA population
might be favored. This hypothesis predicts that the proportion
of the VA RNAI-specific RISC should be greater than the
proportion observed for VA RNAI-derived clones. To test this
hypothesis, we quantitated, in a parallel experiment, the
amount of RISC activity in S15 extracts directed toward VA
RNAI and VA RNAII. As shown in Fig. 6B, the VA RNAII-
derived mivaRNAs yield approximately sevenfold higher RISC
activity than that of VA RNAI mivaRNAs. This should be
compared to an approximately twofold overrepresentation of
VA RNAII-derived mivaRNAs in the cloned small RNA pop-
ulation (Fig. 4B). Taken together, these results clearly argue
against the hypothesis that the VA RNAII-derived mivaRNAs
are preferentially cloned. However, it should be noted that we
do not have kinetic information establishing whether the VA
RNAI- and VA RNAII-derived mivaRNAs differ in their abil-
ity to induce catalytically active RISC. Thus, we can only con-
clude that the RISC activity profile as determined in our ex-
perimental setup clearly indicates that the overrepresentation
VA RNAII-derived mivaRNA in immunopurified RISC does
not support the hypothesis that these small RNAs are prefer-
entially cloned.

The asymmetric assembly of the VA RNAII terminal stem
into RISC is not mimicked by a synthetic siRNA. It has pre-
viously been noted that the relative stability of the first four
base pairs of the siRNA is critical for strand selection during

RISC assembly (18, 35). Potentially, the asymmetry in the
assembly of the 3� strand of VA RNAII into RISC may result
from the position of a bulge three nucleotides from the 5� end
of mivaRII-138 (Fig. 5B and 7A). To test this hypothesis,
293-Ago2 cells were (i) infected with wild-type virus, (ii) trans-
fected with a plasmid expressing VA RNAII, or (iii) trans-
fected with a synthetic mivaRII-138 dsRNA (Fig. 7A). Cyto-
plasmic extracts were prepared, and the RISC activity was
directed toward the 5� and 3� halves of VA RNAII, measured
by in vitro cleavage of a capped substrate RNA (3). As shown
in Fig. 7B, transfection of the mivaRII-138 dsRNA resulted in
an almost symmetrical incorporation of the 5� and 3� strands of
the dsRNA into RISC (Fig. 7B, lanes 7 and 8). In contrast, in
adenovirus-infected cells (Fig. 7B, lanes 3 and 4) and in cells
transfected with a plasmid expressing VA RNAII (Fig. 7B,
lanes 9 and 10), the 3� strand was almost exclusively assem-
bled into RISC. MivaRII-138 contains bulged nucleotides
(Fig. 7A). However, this does not seem to severely impair
dsRNA formation. Thus, more than 70% of the mivaRII-138
transfected into cells was double stranded (data not shown).
Collectively, our results suggest that the asymmetrical RISC
assembly favoring the 3� strand of VA RNAII is enhanced if
mivaRII-138 is generated by Dicer cleavage of the native
VA RNA molecule.

VA RNAII small RNAs are associated with dense polysome-
like RNPs. Previous studies have shown that cellular miRNAs
are associated with polyribosomes and control host cell gene
expression at the level of translation (19, 26, 28). To test
whether the mivaRNAs are similarly associated with polyribo-
somes, we fractionated cytoplasmic extracts prepared from in-
fected cells on a sucrose gradient and analyzed the presence of

FIG. 4. Changes in the small RNA pool of the cytoplasm and in immunopurified RISC after an adenovirus infection. Small RNAs (17 to 26
nucleotides) were cloned, sequenced, and annotated from uninfected (A) and adenovirus-infected (B) cytoplasmic extracts. The content of
immunopurified (IP) RISC from uninfected (C) and infected (D) cells was also sampled by the same method. The “?” represents small RNAs of
unknown origin. The distribution of individual small RNA classes is shown in Table S1 in the supplemental material.
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mivaRII-138 in the polyribosome fractions by Northern blot-
ting. As shown in Fig. 8B, most of mivaRII-138 was detected in
the top fraction of the gradient (Fig. 8, lane 11). This is prob-
ably not so unexpected, since mivaRNAII-138 is produced in
massive amounts in late-infected cells (see Discussion). How-
ever, a significant proportion of mivaRII-138 sedimented in
the polyribosome region of the gradient (Fig. 8B, lanes 15 to
18). This signal was specific since it was not detected in unin-
fected cells (Fig. 8B, lanes 1 to 10) or in cells infected with the
VA RNAII mutant virus dl328 (data not shown). To support
the theory that some of the faster migrating complexes were
polysomes, we treated cells with puromycin, which disrupts
translating ribosomes by acting as an acceptor for the growing
peptide chain. As shown in Fig. 8B, puromycin treatment re-
sulted in a dramatic increase in mivaRII-138 in the top fraction
of the gradient (Fig. 8B, lane 11) and a significant shift of small
RNAs toward smaller structures in the gradient (Fig. 8B, lanes
12 to 17). This result indicates that a fraction of mivaRII-138 is
indeed associated with polysomes in late-infected cells. How-
ever, it is also clear that a large fraction of mivaRII-138 exists

in dense puromycin-resistant complexes. Treatment of extracts
with EDTA, which breaks down ribosomes and other metal-
stabilized noncovalent complexes, completely abolished the
rapidly sedimenting mivaRII-138 complexes, suggesting that
mivaRII-138 associates with dense RNP complexes of cur-
rently unknown composition (Fig. 8B).

It is well established that host cell translation is effectively
shut off in late adenovirus-infected cells, although essen-
tially normal levels of cellular mRNAs are present in the
cytoplasm at late times of infection (7). In agreement with
this, we find that the bulk of the �-actin mRNA population
appears to be “free” or associated with smaller polysomes in
adenovirus-infected cells compared to mock-infected cells
(Fig. 8C). This finding agrees with previous work showing
that cellular protein synthesis is blocked at the level of
translation initiation (10) and probably also translation
elongation (17). It is noteworthy that a large fraction of the
�-actin mRNA appears also to sediment as puromycin-re-
sistant but EDTA-sensitive RNP complexes in both infected
and uninfected cells (Fig. 8C).

FIG. 5. VA RNA-derived small RNAs present in RISC. Schematic picture showing the exact positioning and relative amounts of VA
RNAI-derived (A) and VA RNAII-derived (B) small RNAs cloned from immunopurified RISC. Variations in length dependent on partial 3� end
degradations are indicated by shades of gray. The most abundant forms are named after their starting positions (e.g., mivaRI-137, mivaRI-138, and
mivaRII-138). The VA RNA structures are from reference 22.
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DISCUSSION

This study shows that during an adenovirus infection, VA
RNAII appears to be a more favorable substrate for Dicer
cleavage than VA RNAI and a preferred small RNA for RISC

assembly. Thus, although 20-fold more VA RNAI accumulates
in late-infected cells (Fig. 6A), approximately 2-fold more VA
RNAII-derived mivaRNAs were present in the total pool of
small RNAs (Fig. 4B). This translates into a 40-fold higher
substrate preference for Dicer to cleave VA RNAII than VA
RNAI. We estimate that under our experimental conditions,
approximately 1.5% of VA RNAII is cleaved by Dicer, result-
ing in the production of approximately 75,000 copies of mivaRII-
138 in late-infected cells. Furthermore, in immunopurified
Ago2-containing RISC, the VA RNAII excess seemed even
more pronounced (Fig. 4D), suggesting that there might be a
slight preference for VA RNAII also at the level of RISC
assembly. The decrease in RISC-associated cellular miRNAs
appears to arise from the fact that the mivaRNAs are produced
in large quantities and are efficiently incorporated into RISC,
thereby competing cellular miRNAs. However, a potential ca-
veat with an overexpression strategy in a stable cell line is that
if Ago2 is the limiting factor in the cell, production of an
expanded pool of Ago2 may create an excess of RISC rather
than showing that the mivaRNAs are efficient competitors for
Ago2. This is a potential problem in all overexpression ap-
proaches, which we are aware of and will address in our future
work. However, we note that the RISC assembly of a synthetic
siRNA is significantly impaired (Fig. 1) and that incorporation
of a cellular miRNA is less efficient in adenovirus-infected cells
(Fig. 2), suggesting that the mivaRNAs indeed compete for the
formation of new RISC complexes in late-infected cells.

A complementarity between the mRNA and positions two to
seven of a miRNA, the “seed sequence” (20), is critical for
translational repression, while the 3� region of the miRNA has
a modulating effect under certain circumstances (12). Since the
adenovirus genome is symmetrically transcribed, essentially
every base pair is expressed as cytoplasmic mRNA (either as a

FIG. 6. VA RNAII is preferentially associated with RISC. (A) Five micrograms of total RNA prepared 24 h postinfection from uninfected or
wt900-infected (10 or 100 FFU/cell) 293-Ago2 cells was separated on an 8% denaturing polyacrylamide gel and transferred to a Hybond
membrane. 32P-labeled DNA probes detecting VA RNAI (lanes 1 to 3), VA RNAII (lanes 4 to 6) or both VA RNAs (lanes 7 to 9) were used as
probes to detect the full-length VA RNAs, as indicated by the arrows. The relative ratio of VA RNAI and VA RNAII expression in wt900-infected
293-Ago2 cells was based on the quantitative results shown in lanes 8 and 9. Lane MOI, multiplicity of infection (FFU/cell). (B) S15 cytoplasmic
extracts prepared from uninfected 293-Ago2 cells (lanes 1 and 2) or wt900-infected cells (lanes 3 and 4) were assayed for RISC activity, using target
transcripts detecting RISC loaded with the 3� strand of VA RNAI or of VA RNAII. Arrows show the position of the cleavage products. The
quantitative results of target RNA cleavage are mean values based on three independent experiments.

FIG. 7. Asymmetry of VA RNAII RISC assembly. (A) The se-
quence of the synthetic mivaRII-138 dsRNA. (B) S15 cytoplasmic
extracts from uninfected 293-Ago2 cells (control), cells infected by
wt900 (Ad), nonspecific siRNA-transfected cells (siGFP), synthetic
mivaRII-138 dsRNA-transfected cells (mivaRII-138), or VA RNAII
plasmid-transfected cells (Plasmid) were assayed for RISC activity,
using target RNAs detecting RISC loaded with the 5� or the 3� strand
of VA RNAII. Arrows indicate the span of the VA RNAII target
region. The positions of the 5� and 3� cleavage products generated by
Dicer cleavage at the terminal stem in VA RNAII are indicated by a
dot. Lane M, DNA molecular size marker.
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rightward or leftward transcribed mRNA). Thus, complemen-
tary hexamers to the mivaRI-137, mivaRI-138, or mivaRII-138
seed sequence occur as much as 50 times in the Ad5 genome
(see Fig. S1 in the supplemental material). However, a more
careful analysis indicates that there has been a selection
against having hexamers complementary to the VA RNA seed
sequences expressed in mature viral mRNA. None of the
mivaRNA complementary sequence interactions are sufficiently
long enough to be expected to induce mRNA degradation.
Also, since miRNAs appear to bind to the 3� untranslated
region of a mRNA (discussed in reference 6), there is only one
hypothetical mivaRNA interaction that targets cytoplasmic
mRNA: mivaRII-138 targeting the L2 family of mRNAs (see
Fig. S1 in the supplemental material).

Asymmetry is the hallmark of miRNA assembly (reviewed in
reference 15). Thus, typically only one strand of the double-
stranded miRNA intermediate is assembled into RISC. Simi-

larly, mivaRNA assembly is also highly asymmetric, with es-
sentially only the 3� strand of both VA RNAs incorporated into
RISC (Fig. 5). Most likely the mivaRNAs are viral equivalents
of cellular miRNAs. Although the mechanism by which
miRNAs regulate translation is currently debated (initiation or
elongation), several studies have shown that they are stably
associated with polyribosomes (for a discussion see reference
30). Accordingly, we found that mivaRII-138 is associated with
polyribosomes (Fig. 8), a result that is in line with the hypoth-
esis that it functions as an miRNA and regulates gene expres-
sion at the level of translation. The list of putative cellular
target mRNAs for the mivaRNAs is long and includes genes
involved in transcription regulation, cell cycle control, cell
signaling, etc. However, we have not so far experimentally
demonstrated that the mivaRNAs function as translational
repressors.

Our finding that the adenovirus type 5 VA RNAs are pro-

FIG. 8. A fraction of the VA RNAII small RNAs is associated with polysomes. Adenovirus-infected (wt900) or uninfected (Mock) 293 cells
were incubated in the absence or presence of puromycin or EDTA. (A) The absorbance profile is shown with the position of 80S monosomes
indicated. The polysomal distributions of mivaRII-138 (B) and �-actin mRNA (C) were analyzed by Northern blotting and quantified by
PhosphorImager scanning.
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cessed into small RNAs that are expressed at high levels may
be related to the fact that this virus efficiently establishes per-
sistent infections. In fact, as much as 20% of the adult popu-
lation and 50% of healthy children may be persistently infected
by adenovirus (1). It is also known that adenovirus devotes a
significant portion of its genome to the production of gene
products whose functions appear to combat the host immune
system (reviewed in reference 23). For example, VA RNAI has
been shown to play an important role in restricting the host cell
immune response against an adenovirus-infected cell by block-
ing activation of the interferon-induced enzyme PKR (re-
viewed in reference 13). An intriguing possibility is that the
mivaRNAs aid in the establishment of these benign long-term
infections by modulating activation of the interferon response
or other aspects of the immune system.

The majority of all adenoviruses encode two VA RNA
genes. However, a substantial fraction (9 out of 47 sequenced)
has only one VA RNA gene. It has been speculated that VA
RNAII may enhance virus growth in a tissue-specific fashion.
Thus, it has been noted that adenoviruses that infect the gas-
troenteric tract encode one VA RNA gene, whereas adenovi-
ruses that cause respiratory tract infections and keratoconjunc-
tivitis encode two VA RNA genes (22). It is possible that VA
RNAII provides a unique function that is superfluous in gas-
troenteric infections. From this point, it is interesting to note
that the enteric types Ad40 and Ad41, which contain only one
VA RNA gene (22), do not appear to establish persistent
infections (1). Thus, one may speculate that the hijacking of
RISC by mivaRII-138 may be related to an important function
of VA RNAII in the establishment of persistent infections.

The difficult but key challenge for our future work is to
identify natural target mRNAs that are regulated by the
mivaRNAs. What will the targets be? Will they be related, and
which cellular processes will be involved? Moreover, does the
fact that VA RNAII-derived small RNAs predominate in
RISC reflect a more significant biological function of these
small RNAs in virus multiplication and/or persistent infec-
tions? This report represents the beginning of what hopefully
will be an exciting scientific story.
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